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The behavior of cubic ZrW,0g on compression in a DAC to 7.6 GPa was examined in sifu by a combination
of synchrotron x-ray diffraction and x-ray absorption spectroscopy (XAS). These data were compared with
x-ray absorption measurements on an amorphous sample of ZrW,Og recovered from 7.5 GPa in a multianvil
apparatus. The in situ diffraction data show the complete formation of orthorhombic ZrW,Og at low pressure
(<0.5 GPa), and amorphization onset at >2.4 GPa with completion at <7.6 GPa. The corresponding in situ
XAS data suggest a continuous evolution of the local tungsten coordination environment on compression after
forming the orthorhombic phase, with the average W—O bond length increasing, indicating an increase in the
average coordination number, and the W L; pre-edge peak decreasing in magnitude, indicating a movement
toward tungsten coordination that is closer to centrosymmetric These observations are inconsistent with a
model for the amorphization that simply involves a loss of orientational/positional order among existing
coordination polyhedra. The XANES data for the amorphous sample recovered from the multianvil apparatus
are unlike any of the XANES seen in the in situ measurements, suggesting that the local structure in the glassy
material relaxes on decompression. The XANES for the recovered sample are very similar to those for
ammonium paratungstate, a material that contains tungsten in a variety of heavily distorted octahedral

environments.
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I. INTRODUCTION

Since the amorphization of hexagonal ice was discovered
under compression,! pressure-induced amorphization (PIA)
has been observed for many different materials.”>!' The phe-
nomenon is not uncommon for framework structures, and it
has been observed at unusually low pressures in several
negative thermal expansion (NTE) materials.!'~!> A possible
theoretical link between NTE and PIA has been suggested by
some authors.'6

Negative thermal expansion materials have received con-
siderable attention during the last decade,'”?" driven by a
combination of scientific curiosity and technological interest,
as they are of potential value in composites with tailored
thermal expansion. The relatively low-density and highly
flexible framework structures found for many NTE materials
combined with the necessary presence of lattice modes that
become softer on volume reduction?'~?’ predisposes them to
a rich behavior at high pressures. Pressure-induced crystal-
line to crystalline phase transitions have been reported for
cubic  ZrW,0g, 2232831 cubic  HfW,04,2%%  cubic
ZrM0208,12’13 cubic HfM0208,13 ZrV207,33 SC2W3012,34
Sc,Mo0504,% and AlL,W;0,,%037 as well as PIA at low pres-
sures in ZrMOZOg,12’13 ZrW203,14 S02W3012,15 SCzM0301238
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PACS number(s): 61.50.Ks, 61.43.—j, 62.50.+p, 61.10.Nz

and Lu,W;0,,."! Typically, the volume thermal expansion
coefficient of the high-pressure phase is significantly larger
(more positive) than that of the original material. For
ZrW,0Og, NTE is not totally eliminated on transforming to an
orthorhombic phase,?®?° but for materials with the ortho-
rhombic Sc,W30,, structure NTE is likely to be lost com-
pletely, as the monoclinic structure that is formed on
compression®*~3% is known to show positive thermal expan-
sion for compositions that adopt this structure at ambient
pressure.’®~* This increase in expansion coefficient on trans-
formation is detrimental to some possible applications, as
composites containing NTE materials may be subject to high
pressures during processing.*>~**

Cubic ZrW,0g has been the subject of many studies, as it
displays isotropic NTE over a very wide temperature
range. ¥4 Its  structure,*’  thermal  expansion
mechanism*®*-33 and high-pressure behavior have been
examined.'#2122:24.25.28-3154 Work on controlled thermal ex-
pansion composites for use in precision optical devices has
also been conducted.’>® The framework consists of corner-
sharing ZrOg4 octahedra and WOy, tetrahedra, with all of the
oxygen of the ZrOg octahedra bridging to tungsten, but one
oxygen in each tetrahedron in a terminal position, giving rise
to considerable structural flexibility.*’ This flexibility plays
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an important role in the unusual properties of cubic
ZrW,04.4346 There is an order-disorder phase transition at

around 430 K going from space group P2,3 to Pa3, leading
to an increase in the thermal expansion coefficient at this
temperature.*>4® The material displays a linear coefficient of
thermal expansion (CTE) of —8.8 X 1078 K~! below the tem-
perature of the phase transition (0.3-430 K range) and
—-4.9%107° K~! above the phase transition (430—690 K), re-
sulting in an average CTE of —8.7 X 107° K~! over the range
of 0.3-690 K.*4® From a local structure perspective, the
negative thermal expansion is often viewed as originating in
the transverse thermal vibrations of bridging oxygen atoms,*®
although an alternative explanation with almost rigid
Zr—O—W links has been proposed.’’*® From the perspec-
tive of lattice dynamics, the NTE apparently primarily origi-
nates from low-energy vibrations, in which the WO, and
ZrOg polyhedra are essentially rigid.?>>>°62 In a high-
pressure inelastic neutron diffraction study of cubic ZrW,Oyg
the negative thermal expansion was attributed to modes be-
low 8 meV that showed significant softening on compression
and hence had large negative Griineisen parameters.”> How-
ever, some high-pressure Raman spectroscopic studies have
indicated that in addition to the low-frequency rigid unit
modes, several other modes also have negative Griineisen
parameters and hence contribute to the NTE.?*2
High-pressure diffraction studies of cubic ZrW,Og have
uncovered a transition to orthorhombic y-ZrW,0Oy starting at
~0.2 GPa,%% followed by progressive PIA in the range
1.5 to 3.5 GPa,'#?*?> Glassy phases resulting from pressure-
induced amorphization are often considered to be metastable
intermediates between a crystalline starting material and one
or more crystalline products. The glass forms as a result of
kinetic hindrance to the equilibrium transformation. Numer-
ous structural mechanisms have been proposed for pressure-
induced amorphization, some of which are related and can be
simultaneously in operation.*%7:16:63.64 Based on ex situ high-
pressure x-ray diffraction and Raman spectroscopic studies
on cubic ZrW,0g, it has been proposed that above 1.5 GPa,
tilting and deformation of the ZrOg and WO, polyhedra
leads to the loss of crystallinity as the material becomes
denser.'*% In situ high-pressure neutron diffraction experi-
ments were interpreted in terms of tungsten with 4, 4+ 1, and
442 coordination in the orthorhombic () phase.”® On the
basis of high-pressure simulations, it has been argued that
these extra tungsten-oxygen “short” contacts do not play a
big role in bonding and that the structure of the orthorhombic
() phase should really be viewed as consisting of WO,
tetrahedra with some oxygens that are close to the tetrahedra
and impede large-amplitude vibrations involving their
motion.%?> Additionally, it was argued that at high pressure,
major coordination changes involving the zirconium were
more likely than those involving tungsten.®> Raman studies
of ZrW,0g4 were interpreted as indicating amorphization at
2.2 GPa due to a kinetically hindered pressure-induced de-
composition into its constituent oxides.?*?> The preparation
of a new ZrW,0Og polymorph with a cation-disordered
a-Us04-type structure by heating a pressure-amorphized
sample under pressure suggested that the amorphization pro-
cess may involve an increase in coordination number.>* The
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Zr and W cations in this structure display 6+1
coordination,>* indicating that the tetrahedral coordination of
tungsten in cubic ZrW,Oyg and the predominantly 4+ 1 coor-
dination of tungsten in orthorhombic ZrW,04%® are unstable
at high pressure.

In order to directly probe the mechanism of amorphiza-
tion in ZrW,Qg, in situ high-pressure measurements examin-
ing local structure are desirable. An in sifu experiment avoids
structural relaxation on pressure release, a phenomenon that
is well known in high-pressure studies of glasses,®*%” and
facilitates the study of changes in the structure during com-
pression and decompression. The local structure of glasses
can be probed directly by total scattering, x-ray absorption
spectroscopy (XAS) and other spectroscopic probes such as
NMR, but the use of these techniques at high pressure is
nontrivial. X-ray total scattering data recorded from samples
in diamond anvil cells (DACs) has been employed to study
local structure under pressure,®®® but the methodology is
still under development.® High-pressure XAS (EXAFS and
XANES)"%7! is somewhat better developed, but still very
challenging. The main difficulty associated with high-
pressure XAS is diffraction from diamonds if a DAC is em-
ployed. Diffraction can make a strong contribution to the
measured attenuation at certain x-ray energies and orienta-
tions of the diamonds,’>* leading to potentially quite broad
peaks (glitches) in the spectra. There are several methods for
avoiding these glitches. Energy dispersive EXAFS facilitates
the rapid screening of cell orientations for one that has no or
very few glitches.”>’® The use of polycrystalline B,C for
both anvils eliminates the problem at the expense of compli-
cating pressure calibration as the optically opaque anvils pre-
clude the use of the ruby fluorescence method;”! some work-
ers have opted to use one diamond and one polycrystalline
anvil to get around this issue.”’”” Data can be taken using a
DAC by employing a low atomic number gasket and record-
ing spectra through the gasket rather than the diamonds.”®”"
A multianvil apparatus can be employed.®’ If transmission
data is recorded through the diamonds of a DAC, the glitches
can, in principle, be eliminated by measuring spectra at sev-
eral different orientations of the cell, so that the glitches
appear at different energies, and then producing a composite
spectrum.””

Here we report an in situ high-pressure, combined XAS
and diffraction study of cubic ZrW,Oyg. Diffraction probes
the loss of long-range order on compression and XAS probes
the corresponding changes in local environment. Changes in
the local coordination environment provide insight into the
mechanism by which the material becomes amorphous under
pressure. Single crystal diamond anvils were used for these
studies as the diffraction background from polycrystalline
anvils would have been unacceptable. XAS data on an amor-
phous ZrW,0g sample recovered from high pressure are also
reported.

II. EXPERIMENTAL
A. Syntheses

1. Cubic Zl‘W208

A stoichiometric amount of ZrO(NOj),-xH,O (Aldrich,
Milwaukee, WI) was thoroughly mixed and ground with
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2 wt% excess of H,WO, (Strem Chemicals, Newburyport,
MA). The powder was heated at 1150 °C for 5, 24, and 36 h
periods with intermittent ice-water quenching, drying (at
130 °C) and regrinding steps.

2. Amorphous ZrW,0g4

Cubic ZrW,0Og was compressed using a Walker-type high-
pressure multianvil press at the Mineral Physics Institute,
SUNY Stony Brook, NY. The pressure cell consisted of a
platinum sample capsule in a 14 mm magnesia octahedron
surrounded by eight one-inch tungsten carbide cubes, all
truncated on the corner facing the magnesia. Pyrophyllite
and teflon gaskets as well as balsa spacers were used be-
tween the cubes. ~140 mg of cubic ZrW,0Og was placed into
the Pt capsule and the sample was exposed to a pressure of
about 7.5 GPa at room temperature for 2 h prior to slow
decompression.

3. BazNiWO6

BaCO;, NiCO3;, and WO; were thoroughly mixed and
ground. The mixture was heated at 1100 °C for 20 h and,
after regrinding, heated at 1400 °C for an additional 2 h.

4. SCZW3012

Sc,05 and WOj5 were mixed, ground, and heated together
at 1000 °C for 5 h, then, after regrinding, heated at 1200 °C
for 12 h.

The reference compounds Na,WO,-2H,0,
(NH,) oW 1,04, -5H,0 (Alfa Aesar, Ward Hill, MA) and
WO; (Aldrich, Milwaukee, WI) were used as received.

B. Diamond anvil cell

A so-called “hydrothermal diamond anvil cell”
(HDAC)®82 was used with NaCl as a pressure calibrant,
sample diluent, and pressure transmitting medium. ~1.7 mm
thick diamonds with 500 wm culet faces were employed
along with a 125 um thick rhenium gasket that had a
300 wm sample hole. The gasket was preindented to a pres-
sure of about 10 GPa. The downstream cone opening of the
cell was ~44 deg. The sample was uniformly mixed and
ground with NaCl and packed into the HDAC with a ratio
(ZrW,03:NaCl) of ~1:4. This ratio was chosen to give an
approximate ut for the sample (excluding the diamonds) of
2.

C. Diffraction data collection

Diffraction data were collected at room temperature and
up to 7.6 GPa pressure using the B-2 line of the Cornell High
Energy Synchrotron Source (CHESS), Wilson Lab, Cornell
University, Ithaca, NY. An x-ray energy of 17.968 keV was
selected using a Ge(111) double-crystal monochromator. The
beam was collimated to ~130 um diameter, and centered
onto the sample cavity of the DAC. Diffraction patterns were
recorded on image plates using ~5 min exposures. The
sample-to-plate distance was calibrated using diffraction
from NaCl in the initially closed HDAC. As the initial pres-
sure was slightly above ambient, there are minor pressure
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FIG. 1. Powder diffraction patterns for ZrW,Og as a function of
pressure. Arrows indicate the location of peaks characteristic of the
orthorhombic phase. The NaCl calibrant peaks are also marked. The
data were collected at 17.968 keV (A=0.6901 A).

NaCl

Intensity (arb. units)

calibration errors (see Sec. III). The image plates were read
using a BAS 2000 scanner and integrated to give intensity
versus 26 values using the SIMPA software.®* The integrated
patterns were then processed in JADE®* for pressure calibra-
tion and visualization purposes. The identification of ortho-
rhombic ZrW,Og was performed using the program package
GSAS.® NaCl diffraction angles obtained by fitting in JADE
were used along with the program CALIBRATION®® for pres-
sure determination. CALIBRATION makes use of the Birch
equation of state for NaC1.3” As the pressure was increased,
diffraction data were collected at each pressure point. The
resulting data are shown in Fig. 1. At selected pressures (0.0,
0.7, 2.3, 3.6, and 7.6 GPa) the experimental arrangement was
adjusted so that XANES and EXAFS data could be col-
lected.

D. EXAFS and XANES data collection

The XAS measurements were carried out at the same
beamline (B-2 line at CHESS) in parallel with the diffraction
measurements using the same double crystal monochromator
and collimator. Data were collected at room temperature in
the 0—7.6 GPa pressure range. The transmission XAS mea-
surements made use of three ion chambers with the DAC
between the first and second detector and a reference metal
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foil between the second and third detector. The reference foil
data were used to ensure that the sample spectra were on a
common energy scale. Swapping between diffraction and
XAS measurements involved removing the beam stop and
the image plate holder from the optical bench and replacing
them by the transmission and reference ion chambers, and
then changing the energy from ~18 keV to that of the ap-
propriate tungsten absorption edge.

XAS data were collected for cubic ZrW,0g, Sc,W305,
Ba,NiWO,, Na,WO,-2H,0, (NH,),oW,04,-5H,0, and
WO; at ambient pressure and temperature using samples that
were diluted and ground with boron nitride and then packed
into aluminum sample holders with Kapton tape windows so
that the maximum value of ut was 1.5-2. EXAFS scans were
performed at the W Lyj; edge (9.85-10.90 keV) and XANES
data were recorded at the W L; edge (12.025-12.200 keV)
using 50% monochromator detuning for harmonic rejection.
For the Ly-edge EXAFS, a three region scan was employed
with 10 eV steps in the pre-edge region (9.85-10.19 keV),
0.5 eV steps in the near-edge region (10.19-10.22 keV) and
2 eV steps in the post-edge region (10.22—-10.90 keV).
XANES data at the L; edge were recorded using three region
scans with 5eV steps in the pre-edge region
(12.025-12.060 keV), 1.0 eV steps in the near-edge region
(12.060—12.150 keV) and 2 eV steps in the post-edge region
(12.150-12.200 keV). Data at each point were recorded un-
til a preset number of monitor counts was achieved, taking
approximately 4 s per point, and three scans were performed
for each sample.

XAS data for the ZrW,0g4 sample in the DAC were col-
lected at several different orientations of the DAC so that the
glitches due to diffraction from the diamonds occurred at
different energies. The DAC was mounted on a “V” block
above a rotation stage so that it could be reoriented around a
vertical, w, axis. As the DAC casing was smooth and cylin-
drical, the DAC body could be manually rotated in the V
block about the cylinders axis providing for a y-type rotation
(w and y are used here in the sense of a Eulerian cradle
diffractometer). 8 to 10 different cell orientations were used
at each pressure, with one scan in each orientation. While
widely different values of y were used (~+30°), w was only
varied by ~+1.5° among these scans.

E. Processing of XAS data recorded at ambient conditions

Data processing was performed using the program
ATHENA.388% At least three energy scans were averaged for
each sample. All data were put on a common energy scale
using the reference foil absorption spectra.

F. Processing of XAS data from the DAC

Glitches arising from diamond diffraction severely con-
taminated the recorded XAS at each orientation of the DAC.
In general, this problem is a function of the edge energy that
is being examined and the energy range over which data is
required. The number of glitches in a given energy range
increases approximately with the square of the edge energy
and for tungsten, in practice, it was not possible to find a
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single diamond cell orientation that did not give glitches in
the energy range of a useful XANES or EXAFS energy scan.
This problem is compounded by the presence of two dia-
monds in the beam with different crystallographic orienta-
tions and by the strains that are introduced into the diamonds
as the cell pressure increases. The strain gradients that arise
from loading the diamonds effectively increase their mosaic
spread and broaden the range or energies/orientations over
which they give rise to glitches. Rather than attempting to
obtain glitch-free data directly, we have instead carried out
multiple data collections with different orientations of the
DAC with respect to the incident beam and then processed
these data to obtain composite spectra that are largely free
from glitches at low pressure.

Initially, in each raw energy scan, regions containing
glitches were selected by eye and the glitch replaced by an
interpolated straight line. The locations of these regions were
tracked so that they could be excluded from the final sum-
mation. We ensured that each scan was on a common energy
scale by determining the apparent absorption edge energy for
the scan using the simultaneously collected reference foil
data. This procedure made use of the program ATHENA.%
ATHENA was then used to background subtract and normalize
the individual energy scans giving y(k) for each scan. A
composite y(k) was created by summing the available indi-
vidual energy scans (excluding the interpolated regions) and
dividing by the number of contributing scans at each point.
Typically, two to four scans at different orientations contrib-
uted to each point in the composite y(k). However, for the
higher-pressure data, where strain in the diamonds led to a
worse glitch problem, it was not possible to construct com-
plete composite spectra without glitches. The composite
spectra are shown in Fig. 2.

G. Analysis of the XANES and EXAFS data

The raw XANES spectra were background subtracted,
normalized, and plotted for comparison. Figure 3 shows
spectra from a series of model compounds along with those
for cubic ZrW,0Og and amorphous ZrW,Og that had been
recovered from ~7.5 GPa in a multianvil press. In Fig. 4,
XANES spectra recorded in the DAC at different pressures
are compared to one another.

All EXAFS data fits were performed using the program
ARTEMIS.3¥89As the data obtained in the DAC was of low
quality due to a combination of a poor signal to noise ratio
and the glitch problem, a very simple model was adopted as
a baseline for the analysis of all the EXAFS data. In EXAFS
analyses there are often problems with correlations between
estimated pathlengths and E,,, and Debye—Waller factors and
the amplitude reduction factor. We chose to estimate E, and
Sy (the amplitude reduction factor) using the data for
Na,WO,-2H,0 and then use these values in all of our sub-
sequent fits. The first shell for Na,WO,-2H,0 was fit, in
both ¢ space (Fourier filtered k space) and R space, using the
crystallographic model for this compound with the Debye-
Waller factor for all paths fixed at 0.002 Az, based on an
inspection of literature values for W—O bonds, and E, S,
and Ar (the deviation of bond lengths from their initial val-
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FIG. 2. W Ly; x(k) for ZrW,0Oyg as a function of pressure along
with those for cubic (outside the pressure cell) and preamorphized
ZrW,0Og samples. The missing sections of the 3.6 and 7.6 GPa data
arise because we were unable to eliminate the glitches from these
regions using the available data.

ues) as variable parameters. The first shell in the ambient
pressure data for all the model compounds, amorphous
ZrW,0g, and the DAC data was then fit in both ¢ and R
space using fixed values of E and S,,. The baseline model for
all of the first shell data was a single W—O scattering path
with Ar and o2, a Debye-Waller factor, as variables. Fits
were once again performed in both R and g space. Addition-
ally, a model for the amorphous ZrW,Oyq based on the known
crystal structure of orthorhombic ZrW,Oyg (Ref. 28) was used
to fit the ex situ data for this compound and the DAC data.
All the fits were performed using the same ¢- (2.5-11 A~")
and R ranges (0.85—1.80 A). The tabulated results are avail-
able as supplementary material.'%®

III. RESULTS AND DISCUSSION
A. High-pressure diffraction

The diffraction data from our DAC measurements are
shown in Fig. 1. The closed cell diffraction pattern, marked
as 0.00 GPa, shows the presence of a small quantity of ortho-
rhombic ZrW,05 (~9% from the Bragg peak areas), along
with the expected cubic ZrW,0Og and NaCl, indicating that
the pressure in some parts of the sample must be slightly
above ambient. As our calibration procedure assumed that
this closed cell data was at ambient pressure, all of our sub-
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FIG. 3. W L; XANES for a series of reference compounds with
different tungsten coordination environments: (1) amorphous
ZrW,0g recovered from 7.5 GPa, (2) Ba,NiWOg—octahedral, (3)
cubic ZrW,0g—tetrahedral, (4) Na,WO,-2H,0—tetrahedral, (5)
(NHy) ;oW 204, - 5H,O0—heavily distorted 6 coordinate, (6)
Sc, W30, ,—tetrahedral, and (7) WOs;—distorted octahedral.

sequent pressure estimates are likely to be slightly too low.

The transformation of the cubic phase to the orthorhombic
phase appears to be well advanced at 0.28 GPa and complete
by 0.44 GPa. There is substantial line broadening in the dif-
fraction pattern of the ZrW,Og at pressures higher than
3 GPa, and by 7.6 GPa there is no evidence of any Bragg
peaks from the ZrW,Oyg, suggesting the formation of a glassy
product. Our data indicate the onset of amorphization above
~2.5 GPa, with completion of the process at >5 GPa. This
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FIG. 4. W L; XANES for ZrW,Oyg under pressure in a DAC.
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TABLE I. The first-shell W—O average bond lengths obtained
from the EXAFS data for a series of reference compounds, with
different W coordination, and compressed ZrW,Og at different
pressures. The fits were carried out in Fourier-filtered k space using
only one scattering path (k range: 2.5-11 A~!, R range:
0.85-1.80 A).

Aver. W—O bond length

(A)

Sample/Pressure 4 coord. 6 coord.
Ex situ Sc, W01, 1.760(4)  1.765(14)

(out- (tetrahedral) (Ref. 105)
side Cubic ZrW,04 1.765(8) 1.769(19)

DAC) (tetrahedral) (Ref. 45)
Na,WO,-2H,0 1767(4)  1.771(14)

(tetrahedral) (Ref. 106)
Amorphous ZrW,0g 1.803(18) 1.815(29)
WO, 1.822(24) 1.838(34)

(distort. octahedr.) (Ref. 107)
(NH,) ;oW 1,04, - SH,0 1.832(15)  1.839(23)
(irregular 6-coord.) (Ref. 99)

Ba,NiwOy 1.871(10)  1.875(3)

(octahedral) (Ref. 104)
In situ ZrW,04/0.0 GPa 1.776(9) 1.783(21)
(in ZrW,04/0.7 GPa 1.775(11) 1.783(21)
DAC) ZrW,04/2.3 GPa 1.793(14)  1.802(26)
ZrW,0g4/3.6 GPa 1.810(14) 1.820(25)
ZrW,04/7.6 GPa 1.86127)  1.871(37)

onset pressure is higher than that reported by some other
workers (1.5 GPa),'* but consistent with previous Raman
studies.’»? This discrepancy may be related to differing
stress states for the samples.”0-%4

B. Ex situ XANES

XANES is sensitive to both the oxidation state and site
symmetry of an absorbing atom; see, for example, the early
work of Wong.?> For 3d metals, sensitivity to site symmetry
is typically achieved by examining the behavior of a pre-
edge feature in the K-edge spectra that arises primarily from
a 1s to nd transition that is dipole forbidden in a centrosym-
metric coordination environment, but is observed in non-
centrosymmetric environments. If only L-edge spectra can be
recorded, similar sensitivity can be obtained at the
Li-edge (2s to nd transitions). There have been several stud-
ies using W L; XANES to probe absorber oxidation state and
site symmetry.”0—%8

In Fig. 3, we show W L;-XANES spectra for a series of
model compounds containing tungsten in different coordina-
tion environments along with a XANES spectrum for the
amorphous ZrW,Ogz recovered from 7.5 GPa in a Walker
press (see Table I for the coordination geometries). The
XANES from cubic ZrW,0g4, Na,WO,-2H,0, and
Sc,W30, are very similar to one another, showing a pro-
nounced pre-edge peak consistent with a coordination envi-

PHYSICAL REVIEW B 72, 024117 (2005)

ronment that is far from centrosymmetric. In all of these
compounds, the tungsten is tetrahedrally coordinated. This
pre-edge feature is much weaker in the XANES from ammo-
nium paratungstate, a compound that contains tungsten in
heavily distorted octahedral coordination environments
(W—O ranges from ~1.75-2.25 A for many of the tung-
sten sites).”” In ambient pressure WO5, the pre-edge feature
is weaker still, indicative of a more regular coordination,
although there is still considerable distortion in the pseduo-
octahedral tungsten coordination environment.'” The data
for Ba,NiWOg has almost no pre-edge feature, as expected
for a perovskite with regular octahedral tungsten
coordination.'”! The pre-edge feature for the amorphous
ZrW,0Og is very similar to that observed for the paratung-
state. This indicates that compression has destroyed the
original tetrahedral coordination of the tungsten, ruling out a
simple polyhedral tilting model for the amorphization. It also
indicates that the final product does not predominantly con-
tain tungsten in an octahedral or slightly distorted octahedral
coordination environment. However, it may contain tungsten
in heavily distorted octahedral or perhaps five-coordinate en-
vironments. The loss of predominantly tetrahedral coordina-
tion is expected on compression as orthorhombic ZrW,Oyg is
known to form at 0.2—-0.4 GPa, and this phase contains a
mixture of 4-, 4+ 1- and 4+2-coordinate tungsten, with pre-
dominantly 4+1 coordination.?® The XANES data are incon-
sistent with a simple-minded view of a kinetically frustrated
pressure-induced demixing driving the amorphization, as the
pre-edge in the amorphous material is more pronounced than
that of ambient pressure WO;. However, tungsten in WO; is
known to undergo significant coordination changes on
compression'? and at ambient temperature a kinetically frus-
trated decomposition could not proceed very far, perhaps,
leading to more distorted coordination than that in ambient
pressure WO;3;. ZrW,Og has been reported to transform on
heating under pressure to a dense phase with a structure re-
lated to that of @-U;0g.%* The highly irregular 6+1 coordi-
nation reported for the metals in this phase may be compat-
ible with the XANES data.

C. In situ XANES

XANES data for ZrW,0Oy as it is compressed in the DAC
are shown in Fig. 4. In general, the intensity of the pre-edge
feature drops as the pressure is increased. There is an initial
drop in the size of this feature on going from ambient pres-
sure to 0.7 GPa and a further decrease above 2.3 GPa. The
diffraction patterns for the sample at 0.7 and 2.3 GPa both
indicate the presence of single phase orthorhombic ZrW,Og,
so the initial change in the pre-edge feature is due to the
transformation of cubic ZrW,0Oyg, containing only tetrahedral
tungsten (1+3 coordination), to orthorhombic ZrW,0Oyg, with
primarily 4+ 1 coordination for the tungsten. At 3.6 GPa, the
diffraction data still show very broad weak scattering
maxima in the positions expected for the orthorhombic
phase, suggesting incomplete disordering or considerable
strain broadening, but as the FWHM for NaCl(200) at this
pressure is similar to that at lower pressures, the peak broad-
ening of the ZrW,Oyg is probably due to disordering rather
than just strain broadening. The pre-edge feature in the
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XANES at 3.6 GPa is only slightly less pronounced than that
at 2.3 GPa, indicating that the disordering is not associated
with large changes in coordination symmetry. Further com-
pression to 7.6 GPa leads to a dramatic decrease in the mag-
nitude of the pre-edge feature, suggesting a move toward a
coordination environment that is much closer to centrosym-
metric. The 7.6 GPa XANES are not consistent with dis-
torted six-fold coordination, such as that seen in the ambient
pressure ammonium paratungstate or WO5 (see Fig. 3), but
they could indicate residual 4+1 coordination in a matrix
that contains almost centrosymmetric tungsten, or possibly a
residual diamond diffraction glitch superimposed on XANES
from almost centrosymmetric tungsten. The diffraction data
recorded at this pressure show that the sample is glasslike.

It is notable that none of the XANES spectra recorded in
the DAC under pressure resemble the XANES for the amor-
phous sample recovered from the Walker cell (shown in Fig.
3). The DAC data always show a pre-edge peak that is well
separated from the edge, whereas the ex situ data show a
pre-edge feature that is starting to merge into the edge. The
differences between the in situ and ex situ measurements
probably arise from structural relaxation on decompression
of the material that was prepared in a multianvil device, but
the different stress states in the DAC and multianvil device
may play a role. The sample in the DAC may have been
closer to hydrostatic than in the multianvil apparatus due to
the presence of large amounts of relatively soft NaCl mixed
in with the DAC sample. The ambient pressure bulk modu-
lus, By, for NaCl is ~25 GPa®”!92 and for orthorhombic
ZI‘W208 it is ~65 GPa.30

D. Ex situ EXAFS

In analyzing the EXAFS data collected for our set of ref-
erence compounds and the amorphous ZrW,Og recovered
from high pressure, several different models were used. The
models and the results from the fits are available as supple-
mentary material.'%® For all of the samples two very simple
models consisting of a single W—O path with a multiplicity
of 4 and 6 were explored, even though for samples with
irregular coordination the fits are inevitably quite poor. This
approach was adopted as, in general, the average M-O bond
length for a coordination polyhedron increases as the coordi-
nation number of the metal increases and this variation is big
enough for us to use the refined W—O distance from our
EXAFS analyses as an indicator of the coordination number
for the tungsten. The average M-O distance has been used as
a metric by other workers looking for changes in coordina-
tion under pressure.®®!93 In Table I, we present the average
W—O0 bond lengths from our fits; a clear relationship be-
tween the average W—O bond length and the coordination
number is observed. This relationship can also be seen by a
visual inspection of the Fourier-filtered EXAFS data (see
Fig. 5). The three compounds with tetrahedral coordination
gave average distances of 1.77 A, but ammonium paratung-
state, containing tungsten with heavily distorted octahedral
coordination, gave a value of 1.83 A, WO;, which also has
distorted octahedral coordination, gave a value of 1.83 A,
and Ba,NiWOyg, which is believed to contain tungsten in a
regular octahedral environment,'® gave a distance of 1.87 A.
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FIG. 5. A comparison of Fourier-filtered first-shell EXAFS data
at ambient pressure from (1) Ba,NiWOg4, (2) (NHy) oW
04,-5H,0, (3) recovered amorphous ZrW,Og, (4) Na,WO,-2H,0
(5) cubic ZrW,0g with those from a ZrW,Og sample at different
pressures in a DAC. The vertical line serves as a guide to the eye.

The difference between the values for the paratungstate and
the perovksite are to be expected, as EXAFS analyses do not
give a simple average of the W—O distances around the
tungsten because the fits are more sensitive to the short
W —O distances in a coordination polyhedron. The average
W —O distance obtained from the single pathlength fits to
the amorphous ZrW,Og sample, ~1.81 A, is much shorter
than that seen for the reference compound Ba,NiW Oy, effec-
tively ruling out anything approaching regular octahedral co-
ordination for tungsten in the amorphous sample. However,
it is close to, but slightly smaller than, the value obtained for
the paratungstate, suggesting that tungsten could have, on
average, very irregular six coordination or perhaps five coor-
dination. This interpretation is consistent with that for the
XANES data. We performed fits to the data for amorphous
zirconium tungstate using models derived from cubic
ZrW,0q (1+3 coordination) and orthorhombic ZrW,Oyg (ir-
regular five coordination). The 1+3 model offered no im-
provement over the single-path model, but the five-
coordinate model gave better fits, again supporting an
irregular average coordination environment for the tungsten.
However, the XANES data are not consistent with this
sample having local environments identical to those in ortho-
rhombic ZrW,0Oyg, as our in situ XANES measurements indi-
cate that the orthorhombic phase gives a pre-edge feature
that is well resolved from the absorption edge.
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E. In situ EXAFS

In Fig. 2, we show x(k) as a function of pressure for
ZrW,0g as it is compressed in the DAC along with y(k) for
cubic ZrW,0Ogz and amorphous ZrW,0Og recovered from high
pressure. The EXAFS evolve in an apparently continuous
fashion from something resembling the starting cubic
ZrW,0g at low pressure through to a curve at 7.6 GPa that,
at low k, looks very similar to that for the material recovered
from high pressure. Qualitatively the low-k EXAFS for the
sample at 3.6 GPa (showing only weak, very broad scatter-
ing maxima by diffraction) are clearly different from those of
the 2.3 GPa sample (orthorhombic by diffraction), indicating
a significant change in the local structure between these pres-
sures.

Although the in siftu EXAFS data are noisy and the y(k) at
3.6 and 7.6 GPa are incomplete, we performed a fit to these
data using a single W—O path model so that we could look
for changes in the average W—0O bond length as a function
of pressure that are indicative of changes in coordination
environment. The details from these fits are available as
supplementary material,'® but the W—O distances are sum-
marized in Table I and the Fourier filtered EXAFS are shown
in Fig. 5. There is no apparent change in average W—O
distance on going to 0.7 GPa, perhaps because the coordina-
tion changes that occur on going from the cubic to the ortho-
rhombic phase primarily involve the introduction of long
W—O contacts that do not contribute strongly to the
EXAFS average W—O value. On compression to 2.3 GPa,
where the sample is still orthorhombic by diffraction, the
average W—O distance increases slightly, suggesting that
some of the longer W—O contacts are shortening, and in
response the shorter W—O contacts are getting longer; ef-
fectively the coordination polyhedron is becoming less ir-
regular and hence more compact. At 3.6 GPa, where the
sample shows signs of severe structural disorder by diffrac-
tion, the average W—O distance increases to a value close
to that seen in the sample recovered from 7.5 GPa, again
suggesting a further increase in coordination number or regu-
larization of the coordination polyhedra, so that some of the
longer contacts that contributed weakly to the average
W—O distance contribute more strongly. The average
W—O distance from the fit to the data for 7.6 GPa is
~1.86 10\, close to the value seen for octahedral tungsten in
Ba,NiWOg. However, the 7.6 GPa data are poor enough that
this value is questionable.

IV. CONCLUSIONS

Our in situ measurements show the expected formation of
orthorhombic ZrW,0g at low pressure followed by the onset
of amorphization above 2.3 GPa with completion by
~7.6 GPa. The XAS data support a continuous evolution of

PHYSICAL REVIEW B 72, 024117 (2005)

the local tungsten coordination environment on compression
after forming the orthorhombic phase, with the average
W —0 bond length increasing, indicating an increase in the
average coordination number, and the W L; pre-edge peak
decreasing in magnitude, indicating a movement toward
tungsten coordination that is closer to centrosymmetric.
While the 7.6 GPa XAS data is consistent with the presence
of some tungsten with octahedral coordination, the data is of
insufficient quality to be sure of this. On the basis of a high-
pressure simulation study,’?> it has been suggested that
changes in zirconium coordination as pressure increases are
more likely than changes in the tungsten coordination. Our
observation of large changes in tungsten coordination under
pressure are either inconsistent with this study or indicate
that there must be large changes in zirconium coordination as
well. The in situ XANES measurements on ZrW,0Og clearly
differ from the ex situ measurements made on an amorphous
sample recovered from 7.6 GPa in a multianvil press. These
XANES suggest a structural relaxation of a glass that ini-
tially contains almost octahedral tungsten to a material con-
taining tungsten in heavily distorted octahedral coordination
similar to that found in ammonium paratungstate.

Our measurements are not consistent with a mechanism
for amorphization that primarily involves reorienting exist-
ing coordination polyhedra in a disordered fashion. From the
perspective of tungsten coordination, the in situ data are con-
sistent with initial transformation to the orthorhombic phase,
containing 4-, 4+1-, and 4+2-coordinated tungsten, fol-
lowed by a shortening of the long W—O contacts that exist
in this structure, as the sample is further compressed. This
regularization of the coordination environments seems to
continue into the pressure regime where the sample becomes
amorphous.

Measurements showing changes in longer range local
structure (M—M distances) and the zirconium coordination
environment would be helpful in providing a better picture of
the amorphization process. Ideally these should be made in
situ, as our current data suggest that structural relaxation on
decompression is a problem.
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